The orientation of cell elongation and the plane of cell division were determined in cells growing under isotropic conditions on a plain glass surface or under anisotropic conditions on a scratched glass surface. Four cell lines were analysed, each showing various degrees of contact guidance. Human skin fibroblasts and the skin keratinocyte cell line HaCaT oriented randomly on the smooth isotropic surface of glass, grew and divided randomly. By contrast, on an anisotropic scratched surface these cells showed contact guidance, elongated along scratches, and their planes of division were perpendicular to the long axis of the cell. In these two cell types there was a high degree of correlation between the cell alignment and the plane of cell division, which shows that extracellular factors can influence or even determine the latter. In cell lines in which contact guidance under anisotropic conditions was less evident, viz. the lung endothelial cell line HLMEC and the skin endothelial cell line HSkMEC, the alignment of cell division planes was less ordered. This report concentrates on quantitative phenomenological descriptions of the orientation of cell division as determined by contact guidance.
Active cell movement and often concomitantly occurring cell divisions are considered to have a major influence upon developmental processes in multicellular organisms (CASTOR 1968; KOROHODA 1972; ZHAO et al. 1999; LECHLER & FUCHS 2005; CIRUNA et al. 2006 ). These two cell activities play a pivotal role in the positioning of cells in tissues and in organogenesis. Asymmetric cell divisions are involved in the stratification and differentiation of mammalian skin (LECHLER & FUCHS 2005) .
In skin, the orientation of the cleavage plane determines whether the daughter cells remain within the original cell layer attached to the basement membrane, or shift perpendicularly to commence differentiation followed by apoptosis and finally cornification and death (SMACK et al. 1994) . Factors which determine the cleavage planes in asymmetrically dividing stem cells might therefore be expected to influence the fate of daughter cells, deciding which maintains features of the stem cell and which will differentiate.
The plane of cell division depends upon both intrinsic and extrinsic (extracellular) factors (KOROHO- DA & RZEHAK 1972; ZHAO et al. 1999; LEHLER & FUCHS 2005) . Genetic aberrations have been shown to cause neurulation defects in vertebrate cells which affect the formation and orientation of both mitotic spindles and cleavage furrows of dividing cells (CIRUNA et al. 2006 ). Here we report on in vitro studies of four cell types under isotropic and anisotropic culture conditions in order to determine the relationship of cell movement and orientation of their planes of cell division. The experiments were conducted under conditions in which single cells contacted single scratches in glass, but without physical association with other cells or scratches.
Material and Methods
Chemicals and reagents C e l l s: Normal human skin fibroblasts were grown in DMEM (Sigma Chemical Co.) supplemented with 10% foetal calf serum (Gibco BRL), 
Substratum patterning
The anisotropic surface was made with corund powder on glass coverslips (Szklarskie Zak³ady Przetwór-cze "Prze³om", Poland). The scratches were 0.1-2.0 Fm wide and 0.1-1 Fm deep (STÊPIEÑ et al. 1999) .
Microphotography
Cells were fixed with 3.7% formaldehyde and stained with trypan blue (Chemapol, Praha, Czechoslovakia) in order to distinguish dividing cells for image analysis. Orientation was then calculated with the use of the image analysis program Migra written by dr R. TOKARSKI (The Institute of Nuclear Physics, Polish Academy of Sciences, Kraków).
Image analysis
Cell images, observed with a 10x objective of Hund Wilovert S AFL inverted phase contrast microscope, were recorded with a Hitachi CCD camera (MADEJA & KOROHODA 1996).
The digitised pictures were analysed with the computer program Migra which calculated parameters relative to cell orientation (DUNN & BROWN 1986 ).
Cell orientation
Cell orientation is expressed in degrees, where 90 o corresponds to the orientation of the long axis parallel to scratches, whereas 0 o and 180 o corresponds to orientation perpendicular to scratches. In the case of dividing cells, 90 o corresponds to the cleavage plane orientation perpendicular to scratches, whereas 0 o and 180 o to orientation parallel to scratches (ZHAO et al. 1999 ).
Quantification of long axis orientation
Long axis orientation was defined as the function of the average directional cosine 3 n cos22/n (ERICKSON & NUCCITELLI 1984; GRULER & NUCCITELLI 1991) . 1 is defined as the directional angle between the long axis of the cell and an arbitrary 0Y axis perpendicular to the horizontal axis of the field of view in isotropic conditions on smooth glass coverslips and between the long axis of the cell and the axis perpendicular to scratches. The parameter would equal -1 for long axis orientation parallel to scratches, 1 for a perpendicular orientation and 0 for random orientation.
Quantification of cleavage orientation
Results were calculated from polar diagrams of cell division orientation introduced by ZHAO (ZHAO et al. 1999) . The cleavage plane orientation was defined as the function of average directional cosine 3 n cos22/n (ERICKSON & NUCCITELLI 1984; GRULER & NUCCITELLI 1991) . 1is defined as the directional angle between the cleavage plane and an arbitrary 0X axis parallel to the horizontal axis of the field of view in isotropic conditions on smooth glass coverslips, and between the cleavage plane and the axis parallel to scratches. The parameter would equal -1 for the cleavage plane orientation perpendicular to scratches, 1 if parallel and 0 for random orientation.
Statistical analysis
For each value measured, 50 cells were analysed. Mean and standard errors (SEM) for each parameter were calculated. The polarisation of cell orientation was evaluated by determining the directional cosines. The probability that the orientation is random is given by P e (L n)(10 )
where L=((3 n sin22) 2 + (3 n cos22) 2 ) 1/2 /n(0.01) and n is the total number of cells. A probability level of 0.01 was used as the limit for significant directional orientation (ERICKSON & NUCCITELLI 1984) .
Results and Discussion
In the first experiments cell shape polarization was compared under conditions in which cells grew on isotropic surfaces, and under anisotropic conditions in which cells were in contact with single scratches in four cell lines. The polarization of cell shape is considered a measure of cell contact guidance (CLARK et al. 1990; DALBY et al. 2004; JOHNSON et al. 2006) . The results are shown in Figure 1a- long cell axes (Fig. 1 a,c,e,g ). Upon contact with anisotropic glass with scratches, the human skin fibroblasts and HaCaT skin keratinocytes oriented with their long axes aligned along the scratches (Fig. 1 b,d and Table 1 ) showing typical behavior of contact guided cells (KOROHODA & MADEJA 1997) . The single HSkMEC cells showed some orientation on scratches but much less than fibroblasts or HaCaT cells, whereas lung endothelial HLMEC oriented randomly and did not show contact guidance of cell shape ( Fig. 1 f,h and Table 1 ). Figure 2 illustrates to what extent contact of HaCaT cells with single scratches in the glass surface influences elongation of cell shape. Similar observations were found for fibroblasts. Such cells divided with the long axes of their mitotic spindles aligned along scratches. The plane of division was exactly perpendicular (Fig. 2) .
Since the estimation of the parameter of the plane of cell division and axis of mitotic spindles was straightforward under these experimental conditions, we applied a statistical analysis of the behaviour of cells on smooth glass surfaces and those elongated along the glass scratches, similar to ZHAO (ZHAO et al. 1999) who found that an electric field can orient cell divisions. As shown in Figures 3 and 4 , the orientation of planes of cell division in all four tested cell lines on an isotropic smooth glass surface is random. However, fibroblasts and HaCaT cells which revealed contact guidance on anisotropic glass scratches, showed cleavage planes almost perpendicular to the axis of scratches. In particular, in the case of skin fibroblasts 48 out of 50 randomly analysed cells had divided with the cleavage planes ± 10 o from 90 o , i.e. *1 is defined as the directional angle between the long axis of the cell and an arbitrary 0Y axis under isotropic conditions on smooth glass coverslips and between the long axis of the cell and the axis perpendicular to a single scratch in the glass. The average directional cosine represents the degree of polarization of the orientation of the long axis of the cell. This parameter would equal -1 if the the long axis oriented parallel to scratches, 1 if it was perpendicular, while for random orientation the value would be 0. †P-probability that the orientation is random is given by P e (L n)(10 )
where L=((3 n sin22) 2 + (3 n cos22) 2 ) 1/2 /n(0.01) and n is the total number of cells (n=50 for each cell type). A probability level of 0.01 was used as the limit for significant directional orientation (ERICKSON & NUCCITELLI 1984) . ** -highly significant a position perpendicular to scratches and with their mitotic spindles almost parallel to the scratches. However, in endothelial cells, which showed less obvious contact guidance, the orientation of cell divisions was much less ordered than in the fibroblasts or HaCaT cells.
The results presented show that the planes of cell division can be experimentally oriented in those cells which show contact guidance elongating along anisotropic surfaces. Such observations suggest a simplification of experimental research to determine how the plane of cell divisions in tissues of multicellular animals relates to the anisotropy in local cell environment, contributed by extracellular matrix macromolecules, sculpture of substratum, and the surfaces of adjacent cells, in addition to genetic determinants and diffusible molecules. The presentation of behaviour or morphology of a few selected cells as results of experiments without statistical analysis of larger cell numbers can be treated as an illustration but not documentation of observations (WALIGÓRSKA et al. 2007) . In this report we concentrated, therefore, on quantitative phenomenological description of the dependence of cell division orientation upon cell shape influenced by contact guidance. The questions of why and how cell shape influences the plane of cell division shall be considered in a separate paper. *1 is defined as the directional angle between the cell division plane and an arbitrary 0X axis under isotropic conditions on smooth glass coverslips and between the cell division plane and the axis parallel to a single scratch in the glass. The average directional cosine represents the degree of polarization of the orientation of the axis of cell division. This parameter would equal -1 if the cell division plane was perpendicular to scratches, 1 if it was parallel, while for random orientation the value would be 0. †P-probability that the orientation is random is given by P e (L n)(10 )
Where L=((3 n sin22) 2 +(3 n cos22) 2 ) 1/2 /n(0.01) and n is the total number of cells (n=50 for each cell type). A probability level of 0.01 was used as the limit for significant directional orientation (ERICKSON & NUCCITELLI 1984) . ** -highly significant
